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Abstract
The use of precise time-of-flight (ToF) detectors for measurements of diffractive and electromag-
netic processes in proton–proton collisions is discussed. The performance of background rejection
exploiting the ToF measurements of the forward protons is derived. Influence of additional timing
measurements delivered by the central detectors is presented and the possible gain is studied.
1 Introduction
Measurements of diffractive and electromagnetic
processes by means of detection of forward pro-
tons (or anti-protons) have been performed at
various high-energy hadron accelerators. They
are also a part of the physics programme pur-
sued at the Large Hadron Collider, where two
beam intersection regions have been equipped
with detectors allowing measurements of pro-
tons scattered at very small angles [1–4].
The area of interest covers a broad range of
processes starting from elastic scattering and
soft diffraction, through hard diffraction, up to
central exclusive production and photon–photon
processes. Measurements of processes with high
cross sections are typically performed in special
runs with low instantaneous luminosity, often
with a dedicated accelerator optics. However,
when low cross sections are of interest, the mea-
surement has to be performed in standard LHC
conditions.
High instantaneous luminosity of LHC leads to
high pile-up, i.e. many independent proton–
proton interactions occurring in the same ex-
perimentally registered event (bunch crossing).
The presence of pile-up poses a problem for mea-
surements of processes with forward protons by
introducing a combinatorial background. Let
us consider an event containing a pair of jets
registered in the central detectors (trackers and
calorimeters) and two forward protons regis-
tered in forward proton detectors (FPD). Such
a configuration characterises a central diffrac-
tive event (CD), see Fig. 1(a). However, since
the forward protons can be produced with large
cross sections in soft processes, mainly single
diffractive dissociation and central diffraction,
the same experimental signature – two jets plus
two protons – can be obtained also from other
processes as an overlay of:
• single diffractive production of jets (produc-
ing two jets and one proton) plus a proton
from another pile-up interaction (SD+SD),
see Fig. 1(b),
• non-diffractive production of jets (produc-
ing two jets) plus two protons from two pile-
up interactions (ND+SD+SD), see Fig.
1(c),
• non-diffractive production of jets plus two
protons from another pile-up interaction
(ND+CD), see Fig. 1(d).
The non-diffractive production of jets is charac-
terised by a much higher cross section than that
of the single diffractive jet production, which
in turn has higher cross section than the cen-
tral diffractive jet production. Therefore, with
increasing number of pp interactions in a reg-
istered event, it becomes much more probable
(even by orders of magnitude, see [5]) to ob-
serve a background than a signal event. It has
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to be stressed that the jet production processes
are used here merely as an example. Analogous
backgrounds are present to processes other than
diffractive production of jets. The results pre-
sented in this paper are universal, that is they
are equally applicable to other channels.
One of the most important ways to reject
the backgrounds to central diffractive processes
makes use of precise timing detectors. This
method compares the measured arrival times of
the forward protons and the measured longitu-
dinal position of the central interaction (vertex).
The goal of this paper is to discuss a possi-
ble gain in the background discrimination due
to a precise measurement of the arrival time
of forward protons. In addition, it is shown
how such measurements can be combined with
timing measurements performed on the central
state and a possible gain is estimated.
2 Timing measurement of for-
ward protons
Several feasibility studies assuming the timing
measurements of the forward protons have al-
ready been performed for different channels, see
for example [6, 7] or more recent [8]. These stud-
ies were performed assuming certain experimen-
tal conditions. In the present analysis, the aim
is to consider a general case and find how the
background rejection depends on the assumed
conditions.
In a classic proton–proton collider experiment,
the beams are structured and consist of bunches
of particles. An experimental event occurs when
a bunch from one beam passes through a bunch
belonging to the other beam. Assuming a longi-
tudinal Gaussian structure of a bunch with the
width σb
ρb(z) ∼ e−z2/(2σ2b),
the distributions of time and position of the
pp interaction vertex can be easily calculated
by multiplying densities of two bunches mov-
ing with approximately the speed of light (using
natural units with c = 1):
ρ(z, t) ∼ e−(z−t)2/(2σ2b) · e−(z+t)2/(2σ2b)
= e−z
2/σ2b · e−t2/σ2b .
(a) CD
FPD FPD
central detector
central detector
(b) SD+SD
FPD FPD
central detector
central detector
(c) ND+SD+SD
FPD FPD
central detector
central detector
(d) ND+CD
FPD FPD
central detector
central detector
Figure 1: Jet events with two forward protons:
(a) central diffractive jets, (b) single diffrac-
tive jets + single diffraction, (c) non-diffractive
jets + two single diffraction processes, (d) non-
diffractive jets + central diffraction.
One can see that both t and z variables follow
Gaussian distributions with widths of σb/
√
2. It
is worth noting that in the case of non-Gaussian
bunch distributions, the t and z distributions do
not have to be completely independent.
Since pp interactions are distributed both in
t and in z, the time measurement of a sin-
gle forward proton is not sufficient to constrain
the position of the interaction vertex. There-
fore, the standard approach is to combine the
measurements of the arrival times of both for-
ward protons. For a signal (central diffractive)
event, assuming that the interaction took place
at (t0, z0), the measured proton arrival time on
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the side with positive z is:
t+ = t0 − z0 + L+ + δ+,
where L+ is the position of the forward proton
detector from z = 0 and δ+ is the measurement
error. For the negative-z side:
t− = t0 + z0 + L− + δ−.
The difference of arrival times of the two protons
∆t = t− − t+ = 2 · z0 − L+ + L− − δ+ + δ−
does not depend on t0 anymore and, after cor-
recting for the positions of the detectors, it can
be compared to the interaction vertex position
measured directly by the central detectors:
∆z = zvertex − ztime = δz + (δ+ − δ−)/2.
∆z is equal to zero up to the measurement errors
of the arrival times (δ+, δ−) and the vertex po-
sition (δz). Assuming equal resolutions of both
timing detectors:
σ2(δ+) = σ
2(δ−) = σ2p
the ∆z distribution variance is given by:
σ2(∆z) = σ2p/2 + σ
2
z ,
where σ2z is the resolution of the vertex position
measurement.
In a similar way, one can define the times mea-
sured by both detectors in all four considered
event types and calculate the widths of the re-
sulting ∆z distributions. Results of these cal-
culations are presented in Table 1, where index
0 corresponds to the pp interaction from which
the central state (e.g. jets) originates and in-
dices 1 and 2 correspond to pile-up interactions
in which the forward protons are produced.
The formulae for variances reveal why ∆z is a
useful variable for the signal–background event
discrimination. One can immediately see that
for the signal process, the width of the distribu-
tion is given only by resolutions of the arrival
time measurements and the vertex reconstruc-
tion resolution. For all backgrounds, the widths
are increased by the corresponding spreads of
the time and position of the interactions.
Qualitatively speaking, a good background re-
jection is possible if the experimental resolu-
tions (σp and σz) are significantly smaller than
probability density
-Δzmax +Δzmax
SIGNAL
Δz
accepted
rejected
probability density
-Δzmax +Δzmax
BACKGROUND
Δz
accepted
rejected
Figure 2: Illustration of signal and background
selection. Darker areas correspond to the |∆z| <
∆zmax condition.
the bunch width σb. Quantitatively, one al-
ways deals with an interplay between the frac-
tion (f) of the accepted signal and background
events, see Figure 2. Assuming normally dis-
tributed variables, the fraction of events with
|∆z| < ∆zmax can is given by :
f (∆zmax) =
∫ +∆zmax
−∆zmax
1√
2piσ
e−∆z
2/(2σ2) d∆z
= erf
(
∆zmax√
2σ
)
.
Selecting signal and background events using the
same value of ∆zmax results in:
faccepted bkg. = erf
(
σS
σB
erf−1 faccepted sig.
)
where σS and σB are the distribution widths of
signal and background, respectively.
Figure 3 presents an example of the above de-
pendence for the CD signal and the discussed
backgrounds using the LHC-inspired assump-
tions:
• the LHC bunch width of 75.5 mm [9],
• the reconstruction resolution of the interac-
tion vertex z-coordinate of 1 mm [10],
• a 30 ps timing resolution of FPDs [2].
For a reasonable choice of 90% of accepted sig-
nal, the ND background is reduced by a factor of
about 9. Allowing the loss of additional 10% of
signal increases the rejection to a factor of about
12. For the SD process, the rejection is slightly
worse – a factor of about 6 and about 8, for
signal efficiency of 90% and 80%, respectively.
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Table 1: Values of arrival times measured by forward proton detectors for signal and background
events and the resulting variances of ∆z distributions.
Process Measured time t+ Measured time t− Variance σ2(∆z)
CD L+ + δ+ + t0 − z0 L− + δ− + t0 + z0 σ2p/2 + σ2z
SD+SD L+ + δ+ + t0 − z0 L− + δ− + t1 + z1 σ2p/2 + σ2z + σ2b/2
ND+SD+SD L+ + δ+ + t1 − z1 L− + δ− + t2 + z2 σ2p/2 + σ2z + σ2b
ND+CD L+ + δ+ + t1 − z1 L− + δ− + t1 + z1 σ2p/2 + σ2z + σ2b
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Figure 3: Performance of the signal vs. back-
ground discrimination using ∆z variable.
3 Timing measurement in cen-
tral detectors
As mentioned in the previous section, a mea-
surement of the arrival time of a single forward
proton is not useful for discrimination between
the signal and background processes. This is re-
lated to the fact that in addition to the position
spread of the interactions one deals also with
their time spread, which is of the same size (in
units of c = 1).
At the LHC, both ATLAS and CMS experi-
ments foresee upgrades of their central detectors
that would provide timing measurement [11, 12].
Additional information about the time of the pp
interaction will allow the pile-up background re-
jection also for processes with a measured single
forward proton. Here, only the signal and one
background cases have to be considered:
• signal – single diffractive production of jets
(D), see Fig. 4(a),
• background – non-diffractive production of
(a) SD
FPD
central detector
central detector
(c) ND+SD
FPD
central detector
central detector
Figure 4: Jet events with one forward proton:
(a) single diffractive jets, (b) non-diffractive jets
+ single diffraction.
jets plus one proton from another pile-up
interaction (ND+SD), see Fig. 4(b).
Having the measurement of the interaction time,
t0, and the interaction vertex position, z0, it is
possible to calculate the expected arrival time of
the forward proton and compare it to the mea-
sured value. For the signal events, the difference
between these times will be equal to:
∆tSD = δt + δz − δp
while for background:
∆tND+SD = δt + δz − δp + t0 − t1 + z0 − z1,
where δz is the error on the interaction position
measurement, δt and δp are the errors on the
central and forward times, while z0, t0 and z1
and t1 are the positions and times of interactions
producing jets and the proton, respectively.
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The variances of the corresponding ∆t distribu-
tions are:
σ2(∆tSD) = σ
2
t + σ
2
z + σ
2
p
and
σ2(∆tND+SD) = σ
2
t + σ
2
z + σ
2
p + 2σ
2
b ,
where σ2t denote the resolution of the central
timing measurement. For the signal process the
variance is a function of the measurement reso-
lutions. For the background an additional term
related to the bunch width appears. The per-
formance of the discrimination assuming 30 ps
resolution of both the central and forward tim-
ing systems and 1 mm resolution of the z mea-
surement is presented in Figure 5. The results
turns out to be very similar to the SD rejection
shown in Figure 3.
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Figure 5: Performance of the signal vs. back-
ground discrimination using ∆t variable.
4 Using central timing for mea-
surements with two protons
In this section, the combined case is considered
where the timing measurement is performed on
both protons and on the central state. It is
not straightforward to accommodate a new mea-
surement into the background rejection methods
based on calculating ∆z or ∆t. Therefore, an al-
ternative approach, which treats all experimen-
tal measurements on the same footing, will be
applied. One can define a χ2 function testing the
hypothesis that all measurements correspond to
the same interaction taking place at (t∗, z∗):
χ2(t∗, z∗) =
(t− t∗)2
σ2t
+
(z − z∗)2
σ2z
+
(t+ − L+ − t∗ + z∗)2
σ2p
+
(t− − L− − t∗ − z∗)2
σ2p
The value of this function at the minimum, χ2min,
can be used as the discriminating variable.
It is interesting to check what is the outcome
of this method when applied to the situations
discussed above. In these cases, not all terms of
the χ2 function are appropriate: for the double-
tag processes, discussed in Section 2, the cen-
tral timing measurements are not performed,
while for the single-tag processes, discussed in
Section 3, only one proton is measured. After
defining the χ2 function appropriately, the min-
imisation can be performed analytically. For the
double-tag measurements, for all four considered
processes, the minimal χ2 value turns out to be
χ2min =
2(∆z)2
σ2p + 2σ
2
z
,
where ∆z is the discriminating variable used in
the previous method. For the single-tag mea-
surement, one finds:
χ2min =
(∆t)2
σ2p + σ
2
t + 2σ
2
z
,
This shows that in these cases, the methods
presented before are fully equivalent to the χ2
method.
With the inclusion of the central timing term to
the χ2 function, the analytic calculations of re-
jection power become rather lengthy, leading to
formulae which are difficult to present in a sim-
ple form and interpret in terms of well known
distributions. However, it is possible to perform
a numerical Monte Carlo simulation of the prob-
lem and to study the gain introduced by an ad-
ditional measurement. In the following the three
cases will be compared:
(A) no central timing (as in Section 2),
(B) resolution of central timing equal to resolu-
tion of forward timing,
(C) infinitely small resolution of central timing.
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Figure 6: Distributions of log10 χ
2
min for the sig-
nal and background processes assuming a 30 ps
resolution of the central and forward timing
measurements.
For all the above outlined cases the forward tim-
ing resolution of 30 ps will be used.
Figure 6 presents the distributions of log10 χ
2
min
for scenario (B) for all discussed processes. A
clear discriminating power is observed – for the
signal process the χ2min values are on average
significantly smaller than those obtained for the
background processes. However, some overlap
of the distribution is present and makes it im-
possible to reject all the background. One can
also see that the separation is better for the
ND+SD+SD and ND+CD background than
for the SD+SD, which is true for all scenarios.
The three considered scenarios are compared in
Figure 7, which presents the dependence of the
fraction of the accepted signal on the fraction
of accepted background. For the ND+SD+SD
and ND+CD backgrounds, the improvement by
the central timing can reach an order of mag-
nitude. It is interesting to see that the gain
between scenarios (A) and (B) is significantly
greater than that between scenarios (B) and (C).
On the other hand, the performance of SD+SD
background rejection is much less affected by
the presence of central timing. Here, the gain
is about a factor of two for scenario (C).
5 Summary and conclusions
Time-of-flight measurements are an important
experimental technique in high energy physics.
This paper discussed their use for measurements
of rare diffractive and electromagnetic processes
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Figure 7: Performance of the signal against
background discrimination for three considered
scenarios (see text) for (a) ND+SD+SD and
ND+CD backgrounds, (b) for SD+SD back-
ground.
with forward intact protons in proton–proton in-
teractions in high pile-up environment, e.g. at
the LHC or a future collider.
Three different types of measurements were dis-
cussed:
• measurement of CD-like processes, with two
forward protons and timing measurement
on both of them,
• measurement of SD-like processes, with one
forward proton whose ToF is measured and
an additional timing measurement on the
central state,
• measurement of CD-like processes, with two
forward protons and timing measurement
on both of them and on the central state.
For the first two cases, analytical formulae de-
scribing the background rejection power were
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derived. These results will be useful for design-
ing future experiments involving similar tech-
niques, since they will allow an easy estimation
of the performance of the timing detectors with-
out the need of numerical simulations.
For the last considered case, involving three dif-
ferent timing measurements, obtaining an ana-
lytic result was not successful. Instead, the gain
in background rejection due to the additional
central timing measurement has been estimated
using simulations. The effect on the main back-
ground – non-diffractive processes – turned out
to be very encouraging and reaching an order
of magnitude improvement for the LHC-inspired
assumptions.
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